A high-intensity laser beam propagating through a dense plasma drives a strong current that robustly sustains a strong quasi-static Mega Tesla-level azimuthal magnetic field. The transverse laser field efficiently accelerates electrons in the presence of such a field that confines the transverse motion and deflects the electrons in the forward direction, establishing the novel forward-sliding swing acceleration mechanism. Its advantage is a threshold rather than resonant behavior, accelerating electrons to high energies for sufficiently strong laser-driven currents. We study the electrons' dynamics by a simplified model analytically, specifically deriving simple relations between the current, the particles' initial transverse momenta and the laser's field strength classifying the energy gain. We confirm the model's predictions by numerical simulations, indicating Mega ampere-level threshold currents and energy gains two orders of magnitude higher than achievable without the magnetic field.
Recent advancements in high-power laser technology [1, 2] have paved the way for multidisciplinary applications by enabling compact plasma-based sources of energetic particles, such as electrons [3] , ions [4] [5] [6] , positrons [7, 8] , and neutrons [9] , and radiation [10, 11] , ranging from x-rays to hard gamma-rays. For these applications the energy transfer from the laser pulse to the plasma electrons is critically important, as once accelerated, they can drive secondary particle and radiation sources. The applications that prioritize the monoenergetic feature of the electron spectrum tend to rely on the laser-wakefield acceleration regime [3, 12] , whereas the applications that prioritize the electron charge tend to rely on the direct laser acceleration (DLA) regime [13, 14] . The latter include bright, short-pulsed gamma-ray sources [15] [16] [17] [18] [19] [20] that are necessary for advanced nuclear and radiological detection systems [21, 22] .
The essence of DLA is an energy transfer from the laser electric field directly to the electrons. This can take place in a dense plasma without stringent density limitations [23, 24] , which allows the laser to accelerate a large electron population. The regime can even be used to accelerate electrons in optically opaque plasmas if the laser is sufficiently intense to induce relativistic transparency [25, 26] . Typically, the accelerated electrons are pulled into the laser beam from the surrounding plasma with an initially transverse momentum. An electron with initial momentum p i m e c can gain an energy ε 0 = γ 0 m e c 2 , where γ 0 ≈ (a 2 0 /2)(m e c/p i ), from a plane wave with intensity I 0 and normalized amplitude
where λ is the wavelength, m e the electron mass (charge e < 0), and c the speed of light. The suppression γ 0 ∝ 1/p i is due to the electron dephasing from the laser pulse [27] .
A lot of research has been dedicated to mitigating the negative impact of the dephasing in order to increase the electron energy gain [13, 28, 29] . Quasi-static electric fields caused by charge separation have been shown to alter the dephasing, which leads to an enhanced energy exchange between the electrons and the laser [30] . However, this principle is not applicable at next generation laser facilities, such as ELI [31] , Apollon [32] , and XCELS [33], whose pulses would induce such strong transverse plasma electric fields that the ion motion would become important on time scales shorter than the pulse duration. The resulting transverse ion motion has been shown to dramatically reduce the quasi-static electric fields needed for achieving the electron energy enhancement [34] . High-intensity lasers additionally drive longitudinal electron currents through the plasma, causing strong quasi-static azimuthal magnetic fields. In contrast to the electric fields, these fields are robust with respect to the ion motion and can be sustained at ultra high intensities [17, 34] . Furthermore, in such magnetic fields an electron's motion exhibits a forward drift at constant velocity and dominantly transverse oscillations in a reference frame moving with this drift velocity. This motion can be visualized as a forward sliding swing. In the presence of an additional laser field, the forward sliding motion leads to dephasing such that the laser can directly accelerate the electron along their instantaneous velocity, implying energy gain (s. Fig. 1 ). Hence, we label the mechanism forward-sliding swing acceleration (FSSA).
In this Letter, we show that in the FSSA regime a strong azimuthal magnetic field dramatically enhances the electron energy gain from a laser field in a threshold process. We analytically examine the electron dynamics to find a critical current needed to sustain a sufficiently strong magnetic field that leads to an enhanced energy gain regardless of the transverse electron momentum. The advantage of this regime is that it can be employed to generate large numbers of highly energetic electrons by irradiating a solid-density material with an ultra-high intensity laser. Such dense high-energy bunches may be the key to driving the bright gamma-ray sources mentioned above.
To illustrate the FSSA mechanism clearly, we note that the net electron motion is longitudinal through a longitudinally static ion background, largely compensating the electrons' space charge. Additionally, we assume the plasma to turn relativistically transparent enabling the intense laser pulse to propagate inside it. We can then capture the characteristic features of the electron dynamics in a single particle model inside a prescribed combination of the laser and quasi-static magnetic fields (s. Fig. 1 ). This field configuration was also observed in fully self-consistent kinetic plasma simulations, where the magnetic field generated by a homogeneous current J 0 in a cylindrical channel with radius r was found to be well characterized by α = (λ/r) 2 J 0 /(4πJ A ) where J A = m e c 3 /|e| ≈ 17 kA is the Alfvén current [17] .
We consequently study an electron in a monochromatic, linearly polarized plane laser wave propagating in x -direction and polarized along e wave with electric and magnetic fields given by E wave = −m e c/|e| ∂a wave /∂t and B wave = m e c 2 /|e|∇ × a wave for a vector potential a wave (t, x) = a 0 cos(ξ + ξ 0 )e wave , where ξ = τ − χ with the dimensionless parameters τ = ω 0 t, χ = ω 0 x/c, π = p/mc, γ = ε/mc 2 , where ω 0 = (2πc)/λ is the laser frequency, ε (p) the electron's instantaneous energy (momentum), and ξ 0 the initial phase. The azimuthal magnetic field is given by B mag = m e c 2 /|e|∇ × a mag ∝ e θ , derived from a mag = α(χ 2 wave + χ 2 ⊥ )e with the reduced coordinate χ ⊥ perpendicular to the laser's propagation and polarization directions.
The particle dynamics are governed by the relativistic Lorentz equation, which gives the constant of motion γ − π + αχ 2 wave = C 1 , provided radiation reaction [35] [36] [37] [38] [39] and QED effects [40] [41] [42] , important at higher energies [43] [44] [45] , are negligible. We are going to consider a relativistic electron moving initially in transverse direction π(ξ = 0) = π i e wave on axis χ wave (ξ = 0) = 0, mimicking the electron injection previously observed in kinetic plasma simulations [17] . For π i 1 it is C 1 = γ ≈ π i . Furthermore, we see that without the magnetic field the dephasing R := γ(dξ/dt) = γ − π = const. With the azimuthal magnetic field, however, the dephasing depends on the electron's transverse position according to
The transverse momentum π wave is determined by
Substituting π (χ wave , dχ wave /dξ) and R(χ wave ) into Eq. (2) it can be reduced to the second order nonlinear differential equation
where the prime denotes d/dξ. Before we turn to a quantitative numerical solution of this equation, we provide a qualitative analysis in limiting cases. First we note that the electron's energy γ(ξ) evolves according to
From this expression we infer that the electron gains energy only from the laser field, as it must be, and that the laser's periodic oscillations will cancel any energy gain, unless R → 0 over a phase interval ξ < 2π. On the other hand, from Eq. (1) we conclude that R → 0 only if χ wave → χ MB wave := π i /α. Interestingly, in the geometry introduced above already the azimuthal magnetic field alone will confine the electron motion to transverse excursions χ wave ≤ χ MB wave , whence we label this value the magnetic boundary (MB). Since the electron's motion is in (χ , χ wave )-plane, the maximum magnetic field, which the electron can experience, is B max = 2 √ π i α when
wave . Now we study two particular cases in which χ wave → χ MB wave is possible: the momentum dominated (MD) regime (π i a 0 1) and the laser dominated (LD) regime (1 < π i a 0 ). Momentum dominated regime -The laser-induced transverse momentum can be regarded as a small perturbation of the electron's large initial momentum. As discussed above, the magnetic field alone would reflect the electron at the MB and a comparatively weak laser will not disturb this behavior strongly. We can derive a quantitative threshold above which transverse momenta the MD region is accessed by comparing the time scales on which the magnetic and laser fields act on the electron, respectively. Obviously the magnetic field will deflect the electron's initial transverse momentum fully into longitudinal motion π ∼ π 0 on a time scale τ mag ∼ χ MB wave . On the other hand, averaging the momentum of an electron inside a plane wave [46] over one laser period, it can be estimated that each period the laser field imparts a longitudinal momentum of order π las a 2 0 /π i onto the electron. Hence, in order to impart a longitudinal momentum π ∼ π i onto the electron the laser needs a time τ laser π 2 i /a 2 0 . In the MD regime, the laser field must not act on time scales shorter than the magnetic field, or else it would yield the main effect on the electron motion. Consequently, we expect the MD regime to be accessible in the regime τ mag ≤ ρτ laser , where ρ is a free parameter accounting for enhancements of the laser acceleration over the case without magnetic field. Expressed in terms of the initial transverse momentum this condition reads
Laser dominated regime -The initial momentum is small enough for the electron's transverse momentum to be dominated by the laser field. We note that in this regime χ MB wave can become small, whereas the plane laser wave transversely displaces the electron by χ max p.w. ∼ 1 + a 0 /π i within one period [46, 47] . As soon as χ max p.w. > χ MB wave the dominating laser dynamics will drive the electron close to the MB, whence it can again acquire net energy. Neglecting the unity in χ max p.w. , originating from the electron's initial momentum, we can recast the above condition for the onset of the LD regime to read a 0 /π i ≥ κ π i /α where κ ∈ [0, 1] is a free parameter accounting for deviations from the laser-driven plane wave dynamics inside the weak azimuthal magnetic field. Solving the above condition for π i we find the LD regime to be accessible for initial electron momenta satisfying
It follows from Eqs. (5) and (6) that there can be a third regime with π LD < π i < π MD . In this regime, we expect the laser field to be too weak to drive the electron close to χ MB wave but at the same time strong enough for π wave to frequently change its sign. Hence, FSSA will not be effective here. We label this regime the deflection regime (DR). It disappears with the increase of α at π MD = π LD , which occurs at α = α * ≡ a 0 κ/ρ. An important conclusion is that the energy enhancement takes place regardless of the initial electron momentum beyond this threshold for α ≥ α * .
To now test these analytical estimates and fix the free parameters in Eqs. (5,6) we integrate Eq. (3) numerically. We study a laser of amplitude a 0 = 50 and wavelength λ = 1 µm, a normalized electron current density α = 0.01 and an electron injected into the plasma at the initial phase ξ 0 = π/2. We begin by studying the MD regime, to which end we choose π i = 100 a 0 . In this regime, the laser field does not induce a sign flip of π wave and the electron will continuously approach the MB. We then study an exemplary electron trajectory (s. Fig. 2(a) and Fig. 2(b) ), along which the rainbow color bar gives the dephasing R. We see that indeed the electron accumulates energy exclusively around the trajectory's turning points where χ wave → χ MB wave (R → 0). In particular, at three turning points we study the electron's transverse position, relative to the laser field and energy gain dγ/dξ (s. Fig. 2(c) ). While at MD1 and MD2 dγ/dξ is antisymmetric in phase and the electron effectively absorbs energy from the laser field, at the turning point MD3 the net energy gain is small since it coincidentally occurs in phase with the laser field. In momentum space the electron's oscillatory behavior with discrete jumps to higher energy levels is clearly visible (s. Fig. 2(f) ).
Next, we study the LD regime by choosing π i = 5 π LD = 13.47 a 0 . In contrast to the MD regime the electron approaches the MB at every laser period (s. Fig. 2(d) ). As a result, the electron accumulates more energy than achievable without the magnetic field γ ≈ 2000 ≈ 4γ 0 (s. Fig. 2(b) ). In momentum space we find the electron trajectory in the LD regime, in contrast to the MD regime, to jump to high energies within a single laser cycle (s. Fig. 2(f) ).
To visualize the intermediate, non-accelerating DR regime we choose π LD < π i = 25 < π MD . In this regime the electron does not approach the MB (black line in Fig. 2(a) ) and its minimum dephasing at the maximum transverse position is R min ≈ 14. Consequently, the absorbed energy is always oscillating (s. Fig. 2(e) ) and the net energy gain is small (s. Fig. 2(b) ).
To highlight the broad parameter range in which FSSA is feasible, we present a detailed numerical parameter scan of the electron's maximal energy gain γ max normalized to the energy gain without magnetic field γ 0 as a function of the initial momentum π i and the normalized current α (s. Fig. 3(a) ). Fitting the free parameters of the above derived scalings (5, 6) we find ρ ≈ 125 and κ ≈ 0.14, yielding good agreement between the numerical data and the analytical curves. Furthermore, with these parameters we find the current beyond which an electron is accelerated independently of p i to be
Two conditions must be satisfied for the discussed model to be applicable. The first condition is that the width of the laser beam w 0 must exceed the size of the region inside the magnetic boundary, i.e. w 0 > x MB wave . The second condition is that the plasma magnetic field inside the region set by the magnetic boundary must be significantly below the magnetic field of the laser, i.e. B mag (x MB wave ) B wave , for the laser to be able to drive this field. These conditions are not mutually exclusive, as illustrated in Fig. 3 for w 0 = 8 µm and B mag (x MB wave ) < 0.2B wave . The corresponding laser power of 7 PW should be available at state-of-the-art laser facilities. According to Eq. (7), the plasma current must exceed J * 0 ≈ 0.8 MA J A . Lastly, we assumed the laser's phase velocity to be c, which is reasonable for a highly relativistically transparent plasma. The FSSA mechanism consequently requires a plasma of density n a 0 n cr , where we assumed the plasma to be cold and n cr = m e πc 2 /λ 2 e 2 ≈ 1.1 × 10 21 cm −3 (λ[µm]) −2 is the nonrelativistic critical density. Consequently, in the above studied example FSSA operates efficiently provided n 50n cr ≈ 5 × 10 22 cm −3 , close to solid densities. In conclusion, in this manuscript we identified and characterized the novel, direct forward-sliding swing acceleration (FSSA) mechanism, steered by an intense laser propagating through a dense plasma generating an azimuthal magnetic field. In this field combination an electron accumulates kinetic energy exclusively close to the magnetic boundaries, beyond which the azimuthal magnetic field inhibits electron motion. We identified two regimes in which the electron can approach this boundary and demonstrated that for currents exceeding the threshold J * 0 it is accelerated to high energies regardless of its initial momentum. This clarifies how electrons absorb energy from the studied, complex field structure and indicates that the FSSA mechanism can facilitate gamma-ray emission [17] [18] [19] [20] .
